Abstract. Commercially pure (cp) titanium has a relative soft hardness property. In particular usage such as sliding, the improvement of the surface hardness will be required. In this study, surface hardness improvement of cp titanium by Plasma Nitrocarburizing and Ion Implantation are compared. Plasma Nitrocarburizing processes are conducted at different elevated temperatures with different duration processes, i.e. at 350 °C for 3, 4, and 5 hours, and at 450 °C for 2, 3, and 4 hours respectively, while Ion Implantation processes are conducted at room temperature and process durations are varied as 2.3 hours, 4.7 hours, and 9.3 hours. Nitrogen ions are used to implant the material. Hardness tests are then performed on each specimen by using Micro Vickers Hardness Tester. The surface hardness number (HV) for specimens of the Plasma Nitrocarburizing processes at temperature of 350 °C for process duration of 3 hours, 4 hours, and 5 hours are 74.16, 92.25 and 94.41, respectively while those at temperature of 450 °C for duration process of 2 hours, 3 hours, and 4 hours are 103.70, 121.31 and 126.17, respectively. The processes of Ion Implantation produce the surface hardness number (HV) of 88.97, 125.51, and 130.2, for duration processes of 2.3 hours, 4.7 hours, and 9.3 hours. The process of Ion Implantation produce higher surface hardness number than the Plasma Nitrocarburizing process at temperature 350 °C but the surface hardness number is lower when compared to the Plasma Nitrocarburizing at a temperature of 450 °C. For the duration processes 4 hours and more, the process of Ion Implantation produces the same surface hardness number with the Plasma Nitrocarburizing at temperature of 450 °C.
Introduction
Nowadays, titanium is widely used in industry and medical field [1, 4] . Since titanium first became commercially available about sixty years ago, the pure metal is developed rapidly. It is because titanium has outstanding properties in term of high strength to weight ratio, exceptional resistance to corrosion, and excellent biocompatibility [5] [6] [7] . In industry, about 80% of its usage is in the field of aerospace [8] . In medical field, titanium is widely used because of its excellent biocompatibility and less corrosion. Its applications involve surgical implement and implants, such as hip ball and socket in hip joint replacement that can last up to 20 years [9] [10] [11] [12] .
On the other hand, titanium is characterized by, especially in sliding situations, poor tribological properties. So, when titanium is used as a part of which will experience friction with other parts such as that is in hip joint replacement, the improvement of the surface hardness number will be required. However when the surface hardness number is increased by a certain treatment to the whole part, there is a possibility the material will become brittle, which is not expected. Any excessive loading applied to the material will damage it easily.
Increasing the hardness number at the surface without changing the ductility properties of materials on the inside of the material will increase the toughness properties of material without changing the ductility in the inner part. This process is referred to as surface hardening.
One of the surface hardening processes is Nitrocarburizing. Nitrocarburizing is basically a thermo chemical process in which a process of diffusion of nitrogen and carbon atoms toward the surface of metallic materials at certain elevated temperatures. Heat is needed to enhance the diffusion of hardening species into the material's surface. Nitrocarburizing can be applied to liquid, solid, and plasma atmospheres. Nitrocarburizing widely used to increase the hardness value in the surface of steel [13, 14] . The Plasma Nitrocarburizing produces faster nitrogen and carbon diffusion, more friendly with environment, more economical, and, lower gas consumption compared to other Nitrocarburizing techniques [15] . The process can significantly increase the surface hardness number of cp titanium [16, 17] .
Another process of the surface hardening is Ion Implantation. Ion Implantation is a special case of particle radiation. The process involves the bombardment of a solid material with medium to high energy ionized atoms into the near surface region of any substrate. This near surface alloying can be performed irrespective of thermodynamic criteria such as solubility and diffusivity. These advantages, coupled with the additional possibility of low-temperature processing, have prompted explorations into applications in which the limitations of dimensional changes and possible delaminating of conventional coatings are a concern [18] . Component dimensions or bulk material properties are not adversely affected by the process.
In this study, the surface hardness number improvement by Plasma Nitrocarburizing and Ion Implantation processes to cp titanium are investigated and compared. The instrument used to measure the surface hardness number is Micro Vickers, a microindentation testing method on the basis of indenter size. It is well suited for measuring the hardness of small, selected specimen regions [19] .
Materials and Methods
The material used for this work is cp titanium. The chemical composition of cp titanium is as follows: N: 0.04%, C: 0.05%, H: 0.003%, Fe: 0.13%, O: 0.11%, Al: 0.49% S: 0.03%, Ti: balance. The raw material has the surface hardness number (HV) of 53.99.
Regarding to Plasma Nitrocarburizing and Ion Implantation processes, cp titanium material is cut with the size of 1 cm x 1 cm x 0.3 cm. Specimens as many as nine pieces are created for this purpose. Three specimens are used in the process of Plasma Nitrocarburizing at 350 °C and three specimens are used at 450 °C while the other three are used for Ion Implantation processes. Then the material is grinded and polished using polycrystalline diamond until it is clean and shiny.
In Plasma Nitrocarburizing process, the plasma is formed in a vacuum by means of high voltage electrical energy in which the positive ions of nitrogen, carbon and hydrogen are accelerated to strike the cathode. The work piece is maintained at a negative dc high voltage source of 250-850 volts in the presence of an electric field. The gases are separated, ionized, and accelerated toward the work piece (cathode). The kinetic energy of ion is converted into heat energy by ion bombardment. This energy not only heat the work piece but also implanting ions directly and produce the cathode sputtering. The electrons are forced out from the surface of the work piece. Some of the ions implanted into the surface of the specimen, the other led to the cathode sputtering. Furthermore, absorption and diffusion of nitrogen and carbon atoms led to the formation of the compound layer.
The Plasma Nitrocarburizing process is carried out in two elevated temperature, i.e. 350 °C and 450 °C. In the Plasma Nitrocarburizing at 350 °C, three work pieces are tested in different duration processes; 3, 4, and 5 hours respectively. In another experiment at temperature of 450 °C, the Plasma Nitrocarburizing process of three samples are performed in different duration; 2, 3, and 4 hours respectively. For the Plasma Nitrocarburizing process with temperature of 350 °C, the pressure condition is maintained at 1.6 mBar. The electrical charge for the process is at 592 volt, with the current on 249 mA. At the temperature of 450 °C, the voltage is set higher at 745 volt, with the current 357 mA.
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The Ion Implantation process is conducted by the ion implantor 200 kV/ 2mA. Nitrogen ion is implanted in target chamber of ICS-SP 1104. The energy of 100 keV and the current of 100 ηA are applied. During Ion Implantation, the vacuum at the target chamber was maintained below 1x10 -6 mBar. In this study, process durations are varied as 2.3 hours, 4.7 hours, and 9.3 hours.
After the Plasma Nitrocarburizing and Ion Implantation processes are completed, each specimen is tested of its surface hardness using a Micro Vickers hardness tester. This hardness test follows the standard ASTM E 384. Hardness testing is conducted at three locations on the surface of the specimen, namely the location A, location B, and location C. Fig. 1 shows these locations. The distance between each point is approximately 2.5 mm. Prior to hardness testing; a careful surface preparation (grinding and polishing) is conducted to ensure a well defined indentation that may be accurately measured. The micro hardness measurement works with indenter force as light as 10 gf (gram force), with indentation time in 15 seconds. The indenter is a square-based pyramidal-shaped diamond with a face angle of 136°. Fig. 2 ).
For the Plasma Nitrocarburizing processes at temperatures of 350 °C, there is a significant increasing in the surface hardness number when the process duration is extended from 3 hours to 4 hours. The surface hardness number can be improved as high as 24.4%. The surface hardness number improvement, however does not show a linear behavior when the process time is extended. When the process time is extended to 5 hours, the hardness value is increased only 2.3%. The surface hardness number improvement is not significant when it is compared with that of process time extension from 3 hours to 4 hours. The same trend occurred in Plasma Nitrocarburizing processes at temperatures of 450 °C. The results of hardness test showed that the higher the temperature, the surface hardness number will be higher, and the longer the test time, the higher the surface hardness number. This is because the diffusion of carbon and nitrogen atoms depends on the time and temperature. The higher the time and temperature, the more diffusion of carbon and nitrogen atoms and the distance is longer as well. Furthermore, the layer compound Ti (N, C) which is formed also thicker so the surface hardness number become higher.
Ion Implantation. The surface hardness number (HV) for Ion Implantation processes for duration of 2.3 hours, 4.7 hours, and 9.3 hours are 88.97, 125.51, and 130.2, respectively. Compared to the surface hardness number of the raw material, these processes have increased the surface hardness number by 64.8 %, 132.5 %, and 141.2 % respectively.
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The surface hardness number is illustrated in Fig. 2 . There is a significant increased in the surface hardness number when the duration is increased from 2.3 hours to 4.7 hours. The surface hardness number can be improved as high as 41.07%. The surface hardness number improvement, however does not show a linear behavior when the dose is increased. When the process duration is increased to 9.3 hours, the surface hardness number is increased only 3.74%. The surface hardness number improvement is not significant when it is compared with that of duration process increasing from 2.3 hours, 4.7 hours.
The results of Ion Implantation test showed the longer the duration the higher the surface hardness number. This is because the longer the process duration the greater the number of nitrogen ions diffuse into the surface of titanium so the greater the number of TiN compound is formed on the surface.
Fig. 2 Comparison of Plasma Nitrocarburizing and Ion Implantation Curve
Comparison of Plasma Nitrocarburizing and Ion Implantation. Fig. 2 shows that for the same process duration, the process of Ion Implantation produce higher the surface hardness number than the Plasma Nitrocarburizing process at temperature 350 °C, but the surface hardness number is lower when compared to the Plasma Nitrocarburizing at a temperature of 450 °C. Fig. 2 also illustrates that, for the process duration is shorter than 4 hours, the Plasma Nitrocarburizing show higher the surface hardness number compared to the Ion Implantation process. The surface hardness number is likely to be the same value if the process duration longer than 4 hours which is approximately 126.
Conclusions
The following conclusions can be drawn from the research: 1. The surface hardness resulted from the Plasma Nitrocarburizing process at temperature 450 °C is higher compared with that at temperature 350 °C. 2. The process of Ion Implantation produces higher surface hardness than the Plasma Nitrocarburizing at temperature 350 °C; however the surface hardness level is lower at temperature of 450 °C. 3. The process of Ion Implantation produces the same surface hardness as the Plasma Nitrocarburizing at temperature 450 °C for the duration time after 4 hours.
